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Single-walled carbon nanotubéSWNT9 have been grown via chemical vapor deposition on
high-« dielectric SrTiQ/Si substrates, and high-performance semiconducting SWNT field-effect
transistors have been fabricated using the thin SyEi©gate dielectric and Si as gate electrode. The
transconductance per channel width is 8&Jjum. The high transconductance cannot be explained

by the increased gate capacitance; it is proposed that the increased electric field at the nanotube—
electrode interface due to the highSrTiO; decreases or eliminates the nanotube-electrode
Schottky barrier. ©2004 American Institute of Physic§DOI: 10.1063/1.1682691

The high mobility, low defect structure, and intrinsic na- terned in islands on the substrate by electron-beam
nometer scale of semiconducting single-walled carbon nandithography'* CVD synthesis was carried out in a 1-in.-diam
tubes(SWNTS9 has led to an intense research effort into thetube furnace for 11 min at 900 °C using a methane flow of
viability of SWNT field-effect transistofs(NT-FET9 as a ~1900 ml/min and a hydrogen co-flow ef480 ml/min. To
replacement for, or complement to, future semiconductor deensure the STO/Si remained intact after growth, we per-
vices. A number of researchers have attempted to improvéormed transmission electron microscopyEM) and elec-
the performance of NT-FETs by using thin, high-dielectric-tron diffraction. In Fig. 1a) the STO and Si are readily iden-
constant(high-) dielectrics>* However, the presence of a tified in the TEM micrograph, along with an amorphous
Schottky barrier at the SWNT—metal interface has necessiayer between. In Fig. (b), the electron diffraction pattern
tated more unusual engineering solutions to obtain higtshows both Si and the STO reproducing restifsr un-
transconductances, such as electrolytic gatargl local top-  treated STO/Si.
gating* Ohmic contacts have also been achieved for the case Evaporated Cr/Au electrodeso annealing were used
of Pcf or Au’ contacts and large-diameter nanotubes, but thi$0 make source and drain contacts to the SWNTs. The Si
solution may fail for the technologically relevant small- Served as a bottom gate electrode. The diametef each
diameter nanotubes that may be mass-prodficed. nanotube, determined from atomic force microscOpyFM),

We report here the integration of highSrTiO; on Si ranged from 1 to 10 nm. Presumably the sample comprises
substrates(STO/S) with NT-FETs. The chemical vapor both single- and multi-walled nanotubes, but_ the _smallest
deposition(CVD) of high quality SWNTs on STO/Si leaves (d<1_.3_nm) nanotubes cho_sen for study of their device char-
the STO/Si intact with its desirable properties, and the NT-Cteristics are almost certainly SW'_\HBS- _

FETs demonstrate a high transconductance per wian0 In Fig. 2, fleld—emlssmn scanning electron microscope
uSlum), exceeding that reported for any other NT-FET# (FESEM and AFM micrographs illustrate nanotube growth

We show that the increase in transconductance cannot kﬁaom a catalyst island and the strugture of the NT-FET. In
Fég. 2(a), one sees a rough catalyst island, two Au/Cr leads,

explained by an increase in the gate capacitance; the ga nd several nanotubes, one which spans the leads. Figure
capacitance is largely limited by the quantum capacitance g - ’ . : . :
b gely y d P (b) shows a similar nanotube device visualized by FESEM.

the nanotube in our devices as well as other NT-FETs on
high-« dielectrics>~* We propose that the high transconduc-

tance of our devices is due instead to lowering or elimination
of the Schottky barrier at the nanotube—metal interface by

=@
00250

the high electric field at the dielectric—metal interface. OHST.O : OITs:o

Our starting substrate consists of nominally 20-nm-thick ‘ ®
epitaxial STO/Si ~175). Details on the growth and char- . ®
acterization of SrTi@Q on Si have been reported ' ' 1
elsewheré:** SWNTs were grown by CVD, adapting from sy s
procedures by other researcHfsr synthesis of SWNTs on .OOQSi ¢
SiO,. Briefly, an alumina-supported Fe/Mo catalyst was pat- o ®

FIG. 1. Transmission electrda) micrograph andb) diffraction pattern. In
dpresent address: Department of Mechanical Engineering and Applied Me@), the crystalline SrTi@, amorphous interface layer, and crystalline Si
chanics, University of Pennsylvania, Philadelphia, PA 19104. substrate are resolved in profile. (n), two sets of diffraction spots reveal

YElectronic mail: mfuhrer@physics.umd.edu the presence of SrTiQand Si.
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FIG. 2. Images of carbon nanotubes grown on SETiSTO) substrates by 00 3 ' 0.0 ' 0.5 1.0 15
chemical vapor depositiorta) showing patterned catalyskeft) on STO, - : : : .
as well as several nanotubes extending from the catalyst island. One nano- Vgs V)

tube has been contacted by two Cr/Au electrodiesField-emission scan-
ning electron micrograph of a semiconducting nanotube on STO bridginq:IG 3. Drain current £1
two Cr/Au contacts with 1.&m separation(c) AFM image of the nanotube - ¢
in (b).

4) as a function of gate voltage/(s) at drain
voltages ¥/4¢) of —100 to—800 mV in 100 mV steps, at room temperature.
Inset shows the maximum transconductanicg/dV s calculated from these
data.
In Fig. 2(c), the same area is imaged by AFM, more clearly
resolving the nanotube. From the AFM topography, a diam£ETs, and also exceeds that for the locally gated NTHFET
eter of ~1.0 nm is determined for this presumably single-and electrolytically gated NT-FET.
walled nanotube. The gate length is Jufh. The dielectric In a one-dimensional diffusive FET, the transconduc-
integrity of the SrTi@Q was verified by measuring the tance in the saturation region is given gy~ ucyVys/L,
current-voltage characteristic from the large-area (2.4vherecy is the gate capacitance per length. Thus for a given
x 10" um?) source and drain pads to the gate electrode fomaterial system(given u) the transconductance can be in-
the device shown in Figs.(B) and Zc). The gate leakage creased through increasing or Vys, or decreasing.. In
current does not exceed the noise lefeR00 pA) for gate  practice, however, the produatVy/L is expected to have a
voltage V4<*2V, and rises exponentially witWys for ~ maximum valuevg, the saturation carrier velocity, and the
Vgs>*2V, to 2X 10~ % Alcm? at 4 V, comparable to pub- maximum transconductanceds, max="Cqvs- Thus increasing
lished leakage currents for similar substrates. ¢y becomes the goal for obtaining higher transconductance.
Figure 3 shows the drain currenityj vs Vg of the de- Table | compares the performance of the NT-FET on
vice shown in Figs. @) and Zc). We numerically differen- STO with other high performance NT-FETs. The transcon-
tiate the data to calculate a transconductangg  ductance of our NT-FET, 8.&S, is more than an order of
=dl4/dVys. Thely(V4e) curves are sigmoidal, leading to a magnitude greater than the values for NT-FETs oyO3land
peak ing, as a function oVys. The inset of Fig. 3 shows HfO, dielectrics, 0.3 and 0.%S, respectively:® However,
this peak value 0§, for each source voltage. The transcon-these differences in transconductance observed in NT-FETs
ductance is approximately 8.2S at drain voltageVys= cannot be explained by increased gate capacitances within
—800 mV. This value exceeds any reported for a globallythe diffusive FET model, as follows. The electrostatic gate
gated solid-state NT-FET®8and is comparable to the value capacitance per length may be approximated el
Om=12 uS atVys=—1200 mV for a locally-top-gated NT- =2mkey/In(4t/d) wheret is the dielectric thickness, and
FET with ZrO, dielectric* In order to compare this value « the dielectric constantthis formula somewhat overesti-
with other transistor technologies, we normalize by the demates the capacitance, due to the lack of dielectric above
vice width** d. This leads to a transconductance per devicehe nanotube The total gate capacitanag must take into
width of g,,/d=8900uS/um. As seen in Table Ig,/d account the quantum capacitancg of the nanotuber,
exceeds all values in the literature for globally gated NT-=cg ¢Cq/(Cq et Cq), Wherec,~4 pF/cm.5Thuscg is domi-

TABLE |. Device parameters for high-transconductance nanotube field-effect transistors in this work and other works. The columns displayrite dielec
material and dielectric constart dielectric thickness, nanotube diametet, gate lengthL, electrostatic gate capacitancg,, total gate capacitanag,
transconductance,,, source—drain bia¥ys and transconductance per width,/d.

Dielectric t d L Cg.el Cq Om Vs Om/d
Author (x) (nm) (nm) () (pF/cm (pFfem (1S) V) (Sl
Bachtold(Ref. 2 Al,04(5) 2-5 1 0.2 0.9-1.3 0.7-1.0 0.3 -1.3 300
Appenzeller(Ref. 3 HfO,(11) 20 1-2 0.3 1.6 1.1 0.6 -1.5 300-600
This work SITiG(175) 20 1.0 1.8 22 3.4 8.9 -0.8 8900
Rosenblaft (Ref. 5 Electrolyte (80) ~1 3 1.4 70 3.8 20 -0.8 6700
Javey (Ref. 4 ZrO,(25) 8 2 2 5.5 2.3 12 -1.2 6000
Javey (Ref. § Si0,(3.9) 500 3.3 0.3 0.34 0.31 5 -0.6 1540

8 lectrolytic gating.
bLocal top gating.
‘Ohmic contacts.



1948 Appl. Phys. Lett., Vol. 84, No. 11, 15 March 2004 Kim et al.

nated by the smaller afy o andc,; ascgy ¢ is increasede,  another way, at moderate gate voltages the shift in electro-
tends to the value 4 pF/cm. Table | gives valuestfdt, L, static potential of the nanotube relative to the metal electrode
Vgs, Cge and cy. For the high-dielectric-constant can be greater than the Schottky barrier height, eliminating
devicesz?‘4 Cg,el IS cOmparable to or exceedg, and hence the barrier. In our devices this would occur at an applied gate
Cq4 is on orderc, . Thus the observed15-30x variation in ~ voltage of a few hundred mV from threshold. This model
gm cannot be explained by &@3-5x variation incy in the  offers an alternate explanation for the observation of high
standard, diffusive FET model. If we further consider that thetransconductancegeven in small diameter nanotubem
transconductance has not reached its saturation value in oBETs with an electrolyte dielectAdt’/d~0.01).

experiment or in Ref. 2 or 3, the greateand smalleN of ) )
our device compared to those in Ref. 2 or 3 should result in 1S research was supported by ARDA and the Office of
an even lower transconductance. Naval Research through Grant No. N000140110995, the Di-
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